Rabies virus infection of dorsal root ganglia (DRG) was studied in vitro with cultured adult mouse DRG neurons. Recent in vivo studies of transgenic mice that express the yellow fluorescent protein indicate that neuronal process degeneration, involving both dendrites and axons, occurs in mice infected with the challenge virus standard (CVS) strain of rabies virus by footpad inoculation. Because of the similarities of the morphological changes in experimental rabies and in diabetic neuropathy and other diseases, we hypothesize that neuronal process degeneration occurs as a result of oxidative stress. DRG neurons were cultured from adult ICR mice. Two days after plating, they were infected with CVS. Immunostaining was evaluated with CVS-and mock-infected cultures for neuron specific ␤-tubulin, rabies virus antigen, and amino acid adducts of 4-hydroxy-2-nonenal (4-HNE) (marker of lipid peroxidation and hence oxidative stress). Neuronal viability (by trypan blue exclusion), terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) staining, and axonal growth were also assessed with the cultures. CVS infected 33 to 54% of cultured DRG neurons. Levels of neuronal viability and TUNEL staining were similar in CVS-and mock-infected DRG neurons. There were significantly more 4-HNE-labeled puncta at 2 and 3 days postinfection in CVS-infected cultures than in mock-infected cultures, and axonal outgrowth was reduced at these time points in CVS infection. Axonal swellings with 4-HNE-labeled puncta were also associated with aggregations of actively respiring mitochondria. We have found evidence that rabies virus infection in vitro causes axonal injury of DRG neurons through oxidative stress. Oxidative stress may be important in vivo in rabies and may explain previous observations of the degeneration of neuronal processes.
Rabies is an acute viral infection of the central nervous system (CNS) that is usually fatal in humans and animals (10) . Despite its lethality, under natural conditions only relatively mild histopathological lesions are typically found in association with a paucity of degenerative neuronal changes (9, 21) . Li et al. (13) showed severe destruction and disorganization of axons and disruption of synaptic structures in silver-stained hippocampal sections from mice infected intracerebrally with the pathogenic N2C strain of rabies virus. Infection with the challenge virus standard (CVS) strain of rabies virus has recently been evaluated using hindlimb footpad inoculation in adult transgenic mice expressing yellow fluorescent protein (26) . In this model, dendritic beading and axonal swellings were prominent, and neuronal process degeneration appeared to account for the severe clinical disease and fatal outcome. The axonal swellings exhibited striking morphological similarities to the neurodegenerative changes that occur in the axons of neurons in diabetic sensory and autonomic neuropathy and in human immunodeficiency virus (HIV) infection (4, 12, 24, 35) . Studies of cultured adult dorsal root ganglion (DRG) sensory neurons from type 1 diabetic rats have revealed that glucose-induced oxidative stress is a key instigator of axonal swellings (35) . In humans with sensory neuropathy, the nerve endings exhibit aberrant axonal structures that contain numerous accumulated mitochondria, vesicles, and neurofilaments (4) . The axonal swellings in cultured diabetic neurons were characterized in more detail and exhibited immunofluorescent staining for amino acid adducts of 4-hydroxy-2-nonenal (4-HNE), which is a marker of oxidative stress-dependent lipid peroxidation (30) . We have, therefore, hypothesized that oxidative stress may etiologically play an important role in axonal swelling formation and subsequent neuronal process degeneration in rabies virus infection. In order to evaluate this hypothesis, we have studied CVS versus mock infection of cultured adult mouse DRG neurons in order to determine the role of oxidative stress on rabies virus-infected DRG neurons and their neurites (axons). We have used cultured DRG neurons because these neurons are known to be relatively permissive to rabies virus infection (2, 14, (27) (28) (29) , which facilitates evaluation of processes involving axons.
MATERIALS AND METHODS
Virus. The CVS-11 strain of fixed rabies virus (CVS), which was obtained from William H. Wunner (The Wistar Institute, Philadelphia, PA), was used in these studies. Baby hamster kidney (BHK) cells (C13 clone) grown in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% newborn calf serum (NCS) (PAA Laboratories, Etobioke, ON) were used for virus propagation. Viral assays of stock virus were performed by counting fluorescent foci on BHK cell monolayers. DRG neuron cultures. DRG were isolated from 6-to 10-week-old ICR mice (University of Manitoba, Winnipeg, MB, Canada). Mice were killed by cervical dislocation, the complete vertebral column was removed, and DRG were removed by dissection. DRG were mechanically and enzymatically dissociated in 0.125% collagenase type 4 (no. 47C9497; Worthington, Lakewood, NJ) in Ham's F-12 medium (no. 11765-054; Invitrogen, Carlsbad, CA) for 45 min at 37°C. Collagenase was neutralized by adding NCS. Cells were collected and triturated using a glass pipette in 10% NCS in F-12. The cell suspension was filtered through a 70-m nylon mesh filter to remove nondissociated cells and myelin debris and centrifuged at 300 ϫ g for 10 min. The cells were resuspended in 1 ml F-12 and then spun through a column with 15% essentially fatty acid-free bovine serum albumin (BSA) (no. A9205; Sigma-Aldrich, St. Louis, MO) in F-12 at 900 ϫ g for 10 min. Cell pellets were collected and resuspended in 2 ml F-12 medium with 2 mM L-glutamine and Bottenstein's N2 supplements without insulin (0.1 mg/ml transferrin, 20 nM progesterone, 100 M putrescine, 30 nM sodium selenite, and 0.1 mg/ml fatty acid-free BSA). Cells were plated on 18-mm circle glass coverslips coated with 0.5 mg/ml poly-DL-ornithine (no. P8638; Sigma) and 2 g/ml natural mouse laminin (no. 23017-015; Invitrogen). Cultures were maintained in N2/F-12 medium at 37°C in humidified air containing 5% CO 2 . The cultures were cultivated for 2 days prior to viral adsorption.
Determination of viability of infected DRG neuron cultures. Two days after plating, viral adsorption of cultured DRG neurons was performed with CVS at a multiplicity of infection of 10 fluorescent focus-forming units per cell (in N2/F-12 with 2% NCS) for 1 h, or cultures were mock infected, and then fresh N2/F12 medium was added. At 24, 48, and 72 h postinfection (p.i.), cells were stained with trypan blue, and viability was determined using the trypan blue exclusion assay, which is based on the ability of viable cells to exclude the vital dye trypan blue, whereas nonviable cells fail to exclude the vital dye and show trypan blue staining in their cytoplasm.
Immunocytochemistry for tubulin, rabies virus antigen, and 4-hydroxy-2-nonenal adducts. CVS-and mock-infected cultured DRG neurons at 24, 48, and 72 h postinfection (p.i.) were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) (pH 7.4) for 15 min and permeabilized with 0.3% Triton X-100 in PBS for 3 min. The slides were blocked for 1 h at room temperature in blocking reagent (no. 11 096 176 001; Roche, Mannheim, Germany), NCS, and PBS in a ratio of 1:1:3. Cultures were evaluated with fluorescent staining after incubation overnight at 4°C with the following primary antibodies: mouse monoclonal anti-␤-tubulin isotype III (no. T8660; Sigma-Aldrich) (1:300) as a pan-neuronal marker to label cell bodies and neurites, polyclonal rabbit anti-rabies virus antibody (obtained from K. Charlton, Canadian Food Inspection Agency, Ottawa, ON, Canada) (1:1,000) or mouse anti-rabies virus nucleocapsid protein monoclonal antibody (5DF12) (1:80) (obtained from A.I. Wandeler, Canadian Food Inspection Agency, Ottawa, ON, Canada), and polyclonal rabbit anti-4-hydroxy-2-nonenal (4-HNE) adducts (no. ALX-210-767-R100; Alexis Biochemicals, San Diego, CA) (1:100). Secondary antibodies included cyanine 3 (Cy3)-conjugated donkey anti-mouse IgG (no. 711-165-152; Jackson ImmunoResearch Laboratories, West Grove, PA) and fluorescein isothiocyanate (FITC)-conjugated donkey anti-rabbit IgG (no. 711-095-152; Jackson ImmunoResearch Laboratories) (1:250), which were incubated in blocking buffer for 1 h at room temperature. Coverslips were mounted on slides with Vectashield mounting medium with 4Ј,6-diamidino-2-phenylindole (DAPI) (H-1200, Vector Laboratories, Burlingam, CA) and examined using a Carl Zeiss Axioskop 2 mot microscope equipped with fluorescein isocyanate, Cy3, and DAPI filters and coupled to an AxioCam camera with Axo-Vision 3 software. Quantitative assessments of 4-HNE puncta were performed with masked images, so that the evaluator was not aware if samples were from CVS-or mock-infected groups, and the number of labeled puncta was analyzed relative to axonal length (in m).
TUNEL staining. Apoptotic cell death in the CVS-and mock-infected DRG cultures was evaluated with terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) staining using a TMR red in situ cell death detection kit (no. 12156792910; Roche, Indianapolis, IN). Cells were stained after fixation for 1 h with 4% paraformaldehyde in PBS (pH 7.4) and permeabilization with 0.1% Triton X-100 in 0.1% sodium citrate. Cells were then stained with the TUNEL reaction mixture for 1 h in a humidified chamber in the dark at 37°C. Negative controls were evaluated by using all reagents except terminal transferase. Positive controls for TUNEL staining were pretreated with 1 g/ml DNase I (Pharmacia Biotech, Baie d'Urfe, Quebec) for 15 min at 37°C in order to produce enzymatic DNA fragmentation. Double-staining was performed with TUNEL staining immediately followed by immunostaining for rabies virus antigen with an FITC-conjugated anti-rabies virus antibody (Millipore, Temecula, CA) (1:200) . Stained DRG cultures were mounted with Vectashield mounting medium with DAPI and analyzed using fluorescence microscopy with green fluorescence for rabies virus antigen and red fluorescence for TUNEL staining. TUNEL-positive cells containing red fluorescent nuclei were quantitatively assessed with masked images.
Evaluation of neurite (axon) outgrowth. The level of total neurite (axon) outgrowth of DRG neurons from CVS-and mock-infected cultures was analyzed after staining for ␤-tubulin. Images of cultures were taken from at least 10 random fields from each well. The total number of neuronal cell bodies and the number of intersects of their neurites with a vertical grid were counted using a morphometric approach using ImageJ 1.42 software (available at http://rsbweb .nih.gov/ij/) with masked images. The total number of intersects per neuron was taken as the parameter of total axon outgrowth as previously described (35) .
Assessment of 4-HNE puncta and axonal outgrowth with antioxidant NAC. N-acetyl cysteine (NAC) was used as an antioxidant to revert the oxidative damage phenotype. Preliminary studies showed that 1 mM NAC was well tolerated by the DRG cultures. Two days after plating, DRG cultures were infected with CVS or mock infected (see above), and at 48 h p.i. 1 mM NAC was added to the media. At 72 h p.i., cells were fixed with buffered 4% paraformaldehyde and immunostaining was performed for ␤-tubulin and 4-HNE (see above).
Mitochondrial localization. CVS-and mock-infected DRG cultures at 72 h p.i. were treated with 1 M MitoTracker Deep Red FM dye (no. M22426; Molecular Probes, Eugene, OR), which is a carbocyanine-based mitochondrian-selective probe, for 15 min for localization of actively respiring ("live") mitochondria. Subsequently, the cells were fixed, immunostaining was performed for 4-HNE (see above), and mounting media were added. The fluorescent signals were examined using a Carl Zeiss LSM510 confocal inverted microscope.
Statistical analyses. Standard two-tailed unpaired Student t tests with Welch's correction, which did not assume equal variances, were used for evaluating the significance of the difference between the means from assays comparing CVSand mock-infected cultures. A value of P of Ͻ0.05 was considered statistically significant.
RESULTS

Characterization of primary neuron cultures.
At 3 days after plating, 65 to 87% of the cells isolated from DRG expressed the neuronal marker ␤-tubulin III as assessed using immunofluorescent staining, indicating that they were DRG neurons ( Fig. 1C and 2A ). These neurons also exhibited welldeveloped axonal projections, and the high level of growth was indicative of a healthy and viable culture ( Fig. 1C and 2A) . CVS infection resulted in the appearance of multiple axonal swellings of different shapes and sizes by 72 h p.i. (Fig. 1D, F , and H, arrowheads) but not at 24 h p.i. (Fig. 1C) .
CVS infection was associated with immunostaining for rabies virus antigen along axons and in axonal swellings. At 24 h p.i., 33% of neuronal cell bodies (identified by positive ␤-tubulin immunostaining) expressed rabies virus antigen versus 54% at 48 h and 52% at 72 h p.i., with no significant increase at the later two time points (P Ͼ 0.4). There was low background staining in mock-infected cultures. There was strong staining for rabies virus antigen in a subpopulation of neuronal cell bodies with associated staining in axons and intense signals in axonal swellings that increased in size from 48 h to 72 h p.i. (Fig. 1F and H) .
CVS infection did not result in loss of viability in DRG neurons. Cells were infected with CVS or mock infected and analyzed using trypan blue exclusion for neuronal viability at 24, 48, and 72 h p.i. (Fig. 3) . CVS-infected cultures did not show a significant change (loss) of viability in comparison with the mock-infected cultures (P Ͼ 0.5).
TUNEL staining did not show CVS-induced neuronal apoptosis of DRG neurons. TUNEL staining was performed on CVS-and mock-infected cultures at 24, 48, and 72 h p.i. as a marker of neuronal apoptosis in order to determine whether rabies virus infection induced neuronal apoptotic death in the cultures, which would be expected to have associated effects on neurites (axons) (Fig. 4 and 5) . Cultures pretreated with DNase (positive control) showed strong TUNEL staining in nuclei (Fig. 4D) , and there was low background staining in cultures with an omission of the terminal transferase enzyme (data not shown). The CVSinfected cultures did not show a significant change (increase) in TUNEL staining in comparison with the mockinfected cultures (P Ͼ 0.4) (Fig. 5) .
Positive immunofluorescent staining for amino acid adducts of 4-HNE of CVS-infected DRG neurons indicated the presence of oxidative stress. Fluorescence microscopy showed strong immunostaining for amino acid adducts of 4-HNE, a consequence of ongoing lipid peroxidation and hence a marker of oxidative stress; axons of CVS-infected DRG neurons; and the presence of axonal swellings with intense immunostaining for 4-HNE (Fig. 2) . Some 4-HNE-immunostained axons demonstrated swellings (puncta), whereas others did not (Fig. 2D  and F) . CVS-infected neurons demonstrated relatively prominent axonal swellings and HNE-labeled puncta in comparison with uninfected neurons in the CVS-infected cultures. There was a progressive enlargement of the axonal swellings from 48 h to 72 h p.i., with a variety of shapes being formed (e.g., kidney-shaped and a range of circular profiles) (Fig. 2) . Quantitative evaluation of the number of 4-HNE-immunostained puncta per 100 m axon in mock-versus CVS-infected cultures showed no significant change at 24 h p.i. but a 143% increase at 48 h p.i. (P ϭ 0.006) and a 109% increase at 72 h p.i. (P ϭ 0.0008) in CVS infection (Fig. 6) . 
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Neurite (axonal) outgrowth of DRG neurons was reduced in CVS infection. Total axonal outgrowth was assessed in mockand CVS-infected cultures at 24, 48, and 72 h p.i. At 24 h, there was no significant change in axonal outgrowth (P ϭ 0.10), but at 48 h and 72 h p.i., there were 42% and 60% reductions in axonal growth in CVS infection, respectively, with high statistical significance (P ϭ 0.008 and P ϭ 0.003, respectively) (Fig. 7) .
NAC treatment reduced 4-HNE immunostaining in DRG neurons. Therapy for 24 h with NAC strongly reduced the 4-HNE immunostaining in CVS-infected neurons evaluated at FIG. 2. CVS infection but not mock infection induces formation of 4-HNE-labeled axonal swellings. Fluorescence microscopy showing mock-infected (A, C, and E) and CVS-infected (B, D, and F) DRG neurons at 72 h p.i. ␤-Tubulin is a marker of DRG neuronal cell bodies and axons (red)
, and expression of ␤-tubulin in CVS-infected neurons (B) showed multiple axonal swellings, but a lack of axonal swellings in mock-infected neurons (A). 4-HNE (green) was poorly expressed in the axons of mock-infected DRG neurons (C), but showed greater expression in the axons of CVS-infected neurons and accumulation in regions with axonal swellings (D). In CVS-infected neurons, the merging of signals for ␤-tubulin and 4-HNE (yellow) showed there was strong expression of these elements in axons, both with axonal swellings (arrowheads) and without axonal swellings (arrow) (F) but not in mock-infected neurons (E).
FIG. 3. CVS infection does not affect viability of DRG neurons. Viability of CVS-infected (black bars) and mock-infected (white bars) DRG
cultures was assessed with the trypan blue exclusion method, which revealed nonviable neurons in the culture at 24, 48, and 72 h p.i. (n ϭ 500 cells for each value, with a total of 3,000 cells evaluated). There was no significant change in viability at 24 (P ϭ 0.7), 48 (P ϭ 0.5), or 72 (P ϭ 0.8) h p.i. Error bars represent standard error of the mean (SEM). 72 h p.i. versus mock-infected neurons (Fig. 8) . Axonal swellings remained present in cultures treated with NAC, indicating that 24 h of NAC therapy was not sufficient to completely reverse the axonal injury in CVS infection.
Mitochondrial localization of axonal swellings and 4-HNE immunostaining. Fluorescence microscopy showed colocalization of actively respiring mitochondria and immunostaining for 4-HNE in many axonal swellings of CVS-infected cultures at 72 h p.i. and a normal appearance of signals without axonal swellings in mock-infected cultures (Fig. 9 ).
DISCUSSION
Although rabies is a highly lethal infectious disease involving the CNS, under natural conditions there are usually a paucity of degenerative neuronal changes in the CNS observed by routine methods (9, 21) . Recently, detailed studies of experimental rabies using a transgenic mouse model that expresses the yellow fluorescent protein in a subpopulation of neurons have shown extensive degenerative changes involving neuronal processes, whereas conventional histopathology showed inflammatory changes without apparent degenerative neuronal changes (26) . With the development of severe clinical neurological disease, fluorescence microscopy showed marked structural abnormalities, especially beading and/or swelling, in dendrites and axons of layer V cortical pyramidal neurons; severe involvement of axons in the brainstem and inferior cerebellar peduncle; and severe abnormalities affecting axons of cerebellar mossy fibers. Toluidine blue-stained resin sections and electron microscopy showed vacuolation in cortical neurons that corresponded to swollen mitochondria and vacuolation in the neuropil of the cerebral cortex. Axonal swellings were observed. Vacuolation was also observed ultrastructurally with axons and presynaptic nerve endings. The involvement of ax- ons has a striking morphological similarity to the neurodegenerative changes that occur in diabetic sensory and autonomic neuropathy, in which a key feature is the presence of axonal swellings that are composed of accumulations of mitochondria and cytoskeletal proteins (e.g., neurofilaments) (12, 24) . Diabetes-induced oxidative stress in sensory neurons and peripheral nerves is demonstrated by increased production of reactive oxygen species (16, 22, 35) , lipid peroxidation (19, 35) , and protein nitrosylation (18) . It is believed the neurodegenerative outcome is energy failure in the nerve, observed as a decrease in high energy intermediates (e.g., phosphocreatine) (17, 32) , impaired axonal transport of proteins (5), and suboptimal Ca 2ϩ ion pumping (8, 11) , and it is believed that these factors contribute to the sensory neuropathy. Because of morphological similarities with diabetic neuropathy, we have hypothesized that oxidative stress may also play a key role in degeneration of neuronal processes in rabies virus infection. The importance of oxidative stress during viral infections has been recognized for over a decade (25) , and oxidative injury has been shown to be an important component in HIV infec- tion (7, 34) , particularly in HIV dementia (34) , and also in experimental acute encephalitis caused by herpes simplex virus type 1 in mice (31) .
We have studied CVS infection in cultured DRG sensory neurons because they are known to be relatively permissive to in vitro infection with rabies virus (2, 14, (27) (28) (29) , with survival of rabies virus-infected DRG neurons for more than 20 days without cytopathic effects observed with the cultures (27) . Hence, DRG neurons are an amenable neuronal cell type for an assessment of changes in morphology and/or growth of their neurites (axons) in rabies virus infection. In contrast, rabies virus infection of embryonic primary neurons from the cerebral cortex and hippocampus results in apoptotic cell death (15, 33) .
Similar to previous reports of DRG neurons in cultures (14, 29) , we have found that CVS infects only a subpopulation (33 to 54%) of DRG neurons. CVS infection did not cause a loss of neuronal viability over 72 h in CVS-infected DRG neurons above baseline levels observed with the mock-infected cultures. Similarly, CVS infection did not produce neuronal apoptosis of the DRG neurons over 72 h p.i. However, rabies virus infection did result in markedly reduced growth of axonal processes at The striking morphological abnormality in CVS-infected DRG neurons is the presence of multiple axonal swellings. These swellings are associated with intense immunostaining for both rabies virus antigen and amino adducts of 4-HNE; 4-HNE is a marker of lipid peroxidation that occurs in association with oxidative stress. Axonal swellings (as well as dendritic beading) were also observed with CVS-infected transgenic mice that expressed the yellow fluorescent protein (26) , indicating a strong correlation between our in vitro observations and the findings in a mouse model of rabies. The major sources of reactive oxygen species in DRG could involve rabies virus-induced aberrant mitochondrial function, impaired calcium homeostasis, and/or enhanced NAD(P)H oxidase activity. We hypothesize that rabies virus infection, through these pathways, can result in enhanced production of reactive oxygen species and that this oxidative stress causes abnormal mitochondrial protein function and suboptimal axoplasmic structural protein function that combine to trigger impaired axonal transport and axonal degeneration. This oxidative stress results in lipid peroxidation and the formation of amino acid adducts of 4-HNE, which contributes to the modification in the function of key mitochondrial and cytoskeletal proteins, leading to the formation of axonal swellings. The axonal swellings are likely sites of mitochondrial and structural protein accumulation due to local blockade of axonal transport (6) . In support of this hypothesis, we have found evidence of colocalization of 4-HNE immunostaining and staining of "live" mitochondria in axonal swellings of CVS-infected DRG neurons. Recently, it has been demonstrated that 4-HNE directly impairs mitochondrial function in cultured DRG neurons (1) . Mitochondria likely play a central role as a mediator of neurodegeneration. Impaired mitochondrial function leads to impaired axonal transport and accumulation of organelles (including mitochondria) and structural proteins, resulting in axonal swellings. The absence of structural proteins and ATP-generating organelles leads to axonal degeneration and destruction of axon terminals, which was observed in detailed morphological studies in vivo with CVS-infected mice (26) . Amino acid adducts triggered by 4-HNE have been shown previously to significantly impair axonal outgrowth (1), which may explain this finding for the CVS-infected cultures. We have found that treatment for 24 h with the antioxidant NAC markedly reduced 4-HNE immunostaining in CVS-infected neurons. Although axonal swellings persisted in the cultures, the time of initiation of treatment, the duration of treatment, and the concentration of NAC may all be important factors in reducing axonal injury related to oxidative stress in CVS infection. Further studies are needed in order to demonstrate what structural changes are reversible.
Clearly, axons of cultured DRG neurons are more vulnera- ble to the effects of oxidative stress than neuronal cell bodies. This was also observed to be the case in streptozotocin-induced type 1 diabetes in rats, in which there is no significant loss of DRG neurons for up to 12 months duration (3, 36) . There are also similar findings in human postmortem studies of type 2 diabetic patients (23, 24) . With HIV infection of cultured human DRG neurons, Hahn et al. (7) also observed a differential effect on axons and cell bodies. Axonal retraction was observed without neuronal cell death, there were reactive oxygen species produced in neuronal cell bodies, and the mitochondrial membrane potential was reduced, indicating mitochondrial dysfunction. However, the situation in DRG in vivo is quite different in rabies in both humans and animals, in which neuronal death is quite prominent without the typical features of necrosis or apoptosis (20) ; likely, this neuronal death is due to autophagy.
In summary, we have found evidence that oxidative stress occurred in rabies virus-infected cultured DRG. These findings help explain the extensive degeneration of neuronal processes in a mouse model of rabies. More information is needed on the mechanisms involved in the production of oxidative stress in rabies virus infection and, ultimately, on whether therapeutic approaches can reduce oxidative damage and promote recovery. Oxidative stress may also play an important role in other viral infections of the nervous system.
